Electromagnetic methods have been widely used in the measurement of the water content of the soil. These methods utilize the permittivity as electrical properties of the soil, to determine the moisture content of the soil. Since the measurements are carried out indirectly, a calibration between permittivity and the water content of the soil is needed. Generally, the calibration method is generated by using an empirical and mixing model. This study presents a proposed model of calibration by using a normalization approach to calibrate the value of the permittivity of the water content of the soil. Then the model was applied using electrical capacitance volume tomography (ECVT) to image soil water content during infiltration of water in a soil column. Granular and silty sand were used as soil material in the experiments. The result showed that the model for measuring moisture water content can be seen in each layer during soil water infiltration in the soil column.
Introduction
Measurement of soil moisture water content has become an important part of the analysis of various fields of study, especially those involving irrigation in agriculture, forestry, hydrology, and land activity. For example, in agriculture study, it is required to determine water source and ensure the quality of crop [1] . Moreover, soil moisture water content is useful to analyze soil water contamination by observing changes in water content during the addition of substance [2] . Soil water content also plays an important role in slope stability analysis [3] [4] [5] [6] .
Various techniques in the measurement of contamination and water content of soil have been discussed in literatures (e.g., [7] [8] [9] [10] [11] [12] ). Based on previous studies, soil water content measurement techniques are widely used as an electromagnetic method [13] such as time domain reflectometry [14] , ground-penetrating radar (GPR) [8] , and electrical capacitance [15] . These all methods measure the value of relative permittivity of soil to find soil moisture water content.
Tomography is a promising technique for measurement of water content in soil, especially for capacitance-based tomography. It is because this technique is not only capable of measuring water content in the soil but also is capable of imaging the distribution of water in the soil. Tomography technique is also preferred because it is nondestructive and noninvasive. As a tomography technique, ECVT is a system used to view enclosed objects by measuring changes in capacitance and then compute relative permittivity distribution to create three-dimensional images in real time [16] . The shape of geometry sensor on ECVT is not confined to one form; it can be in the form of arbitrary shape of geometries [17] . This possibility gives an extra advantage of ECVT in measuring soil water content.
The previous study has successfully monitored the propagation of distribution of water in soil column [18] . In this study, the equation of normalized volumetric water content from ECVT method is proposed and compared with other equations. The proposed model is then used to analyze the volumetric water content during soil water infiltration in a vessel.
ECVT principle
The basic measurement of ECVT is derived from Poisson's equation:
ðÞ ∇φ x, y, z ðÞ ¼ À ρ x, y, z ðÞ ðÞ (1) where ε is relative permittivity distribution, ϕ is electric potential, and ρ is charge distribution. From Eq. (1), capacitance value can be obtained by using the equation below:
where ∆V is potential difference and C is capacitance. By using matrix expression, Eq. (2) can be written like the following equation:
where C is capacitance matrix, G is distribution of relative permittivity matrix, and S is sensitivity matrix. The sensitivity matrix is generated from the sensor and geometry design and number of sensors. In matrix operation, the value of G can be obtained by inversing matrix S and multiplying it with matrix C. For non-square matrix, matrix inversion is very difficult to solve, so the approximation could be attempted by using transpose matrix. The equation to calculate matrix G becomes
Equations (3) and (4) are known as the forward and inverse problem, respectively. Inverse problem is used to reconstruct the capacitance measurements to become relative permittivity distribution. The simple method for reconstruction is using linear back projection (LBP) [19] .
Models of soil moisture water content and relative permittivity relationship
The relationship between relative permittivity and volumetric water content has been used by previous researchers to determine the volumetric water content. Many numbers of functions have been proposed to describe the ε-θ relationship model across a range of soil water content. This model can be divided into two categories, which are model with one parameter and model with two or more parameters.
Model with one parameter
There are some models that proposed the ε-θ relationship. Topp et al. [20] introduced successfully the ε-θ relationship that is commonly used in geotechnical area. The relationship is as shown below: ε ¼ 3:03 þ 9:3θ þ 146:0θ 2 À 76:7θ 3 (5) where ε is the relative permittivity or dielectric constant and θ is the volumetric water content of soil.
Equation (1) is derived empirically through experiments of various of mineral soil using a time-domain reflectometer (TDR) at a frequency between 1 MHz and 1 GHz, with an estimated error value of 0.013 [20] . In another form, Topp's equation can also be written as follows: θ ¼À5:3 Â 10 À2 þ 2:92 Â 10 À2 ε À 5:5 Â 10 À4 ε 2 þ 4:3 Â 10 À6 ε 3 (6) In addition, Topp et al. [20] also proposed equations of ε-θ relationship for organic soil and 450 μm glass beads. ε ¼ 1:74 À 0:34θ þ 135θ 2 À 55:3θ 3 Organic soil (7) ε ¼ 3:57 þ 31:7θ þ 114θ 2 À 68:2θ 3 450 À μm glass beads
Then Roth et al. [21] proposed another empirical equation by an experiment using miniprobe TDR which has been used previously by [22] . The ε-θ relationship for mineral soil proposed by [21] is θ ¼À0:0728 þ 0:0448ε À 0:00195 ε 2 þ 0:000036 1ε 3 (9) while the ε-θ relationship for organic soil and material is
Calibration of these equations has a volumetric water content error value of 0.015 cm 3 cm À3 for mineral soil and 0.035 cm 3 cm À3 for organic soil [22] .
Simple equation of ε-θ relationship was proposed by [23] . This equation resulted from the principal of dielectric mixing models and analyzed the TDR without coatings that are considered potential sources of error in measurement:
Schaap et al. [24] also introduce a simple equation by performing experiments of 505 measurements of organic forest floor sample by using TDR where the ε-θ relationship is
The next equation comes from [25] , which is using coaxial transmission system and using soil samples with wide range of soil textures: θ ¼À0:0286 þ 0:02435ε À 0:0003421ε 2 þ 0:00000237ε 3 (13) Equations (5)-(8) are used for measurement at a frequency of 100 MHz. [13] proposed an empirical model where permittivity measurement was measured based on capacitance. This experiment used a type of quartz sand with a range of particle sizes between 0.15 and 0.9 mm:
where A = 33, B = 2, α = 1.5, and n = 14.
Model with two or more parameters
Some relationship equations between permittivity and soil water content were also influenced by other parameters such as porosity and bulk density. By using the concept of mixing models and using data from others study [26] [27] [28] , [29] proposed the following equations:
Equation (11) is used for θ ≤ θ t , while θ > θ t used the following equation:
where ε i , ε w , ε a , and ε r are the permittivity of ice, water, air and rock, respectively (i.e., ε i = 3.2, ε w = 80, and ε a = 1), while θ t is transition moisture (0.16-0.33), η is the porosity of soil (0.5), and γ is the fitting parameter (0.3-0.5) [29] .
In [30] , the equation based on dielectric mixing model, which has been described by [31] , is proposed. Experiments carried out by measuring a wide range of soil types using TDR with the error value of soil water content is not more than 0.013 cm 3 cm À3 [30] , with forms of the equation below:
where γ = À1 for three phases in series and γ = 1 for three phases in parallel. Another model is proposed by [32] . They conducted the experiments by using TDR and 62 kinds of soil sample that consist of mineral soils, organic soil, standard pot soils, artificial peat loess and peat sand, sea and river sand, forest litter, etc. which differ in terms of texture and bulk density [32] .
θ ¼ ffiffi ffi ε p À 3:47 þ 6:22η À 3:82η 2 7:01 þ 6:89η À 7:83η 2 (19) Equation (13) gives the uncertainty of soil water content value of 0.03. Gardner et al. [15] used capacitance measurement methods to obtain soil water content with the soil dry bulk density values ranging between 1.08 and 1.49, then using multiple linear regression analysis to best fit the measurement data, resulting in the following equation:
θ ¼ ffiffi ffi ε p þ 1:208 À 2:454ρ 9:93 (20) where ρ is dry bulk density. Robinson et al. [14] give the equation used for coarse-textured, layered soils by using TDR and coarse-grained, glass bead, and quartz grains:
where ε dry and ε sat are the permittivity measured at oven dry soil and saturation soil ( Table 1 ).
Comparison using existing data
Data from previous research (e.g., [20, 21, 25-27, 29, 31-35] ) are used to compare the patterns of the equations which are discussed in this study. This data consists of various soil types with different properties. Figure 1 shows several curves representing Eqs. (5)- (14) . All equations look occupied by all the available data. However, each equation appears to have certain characteristics to the data. Eqs. (8) and (12) only cover the boundary area of the data, while the other equations lie mostly in the central part of the data. These would seem to depend on the properties of the soil types used. One of the characteristics analyzed in this study is the porosity of the soil. Figure 2 shows the influence of porosity (η =0.3toη = 0.7), on the suitability of the equations (Eqs. (15) , (16) , (18) and (19)- (21)) with data, and also displayed some of the data with a value of porosity (0.33, 0.44, and 0.62) in order to see the effect of porosity on predictions of water content of the equation. From the image it can be seen that the different porosity values of the data will result in different patterns.
In Figure 2a , the equations already have the same pattern with the data, but a change of porosity in the equation does not give a significant effect on the pattern of the line, so it is only fit in certain small area of data though with different porosity. Figure 2b shows that the equation is such as the linear equation that has not affected on the changes in porosity. These equations also appear not to follow the pattern of distribution of data. The same thing happened in Figure 2c with a shift in values on the x-axis which is more to the left.
An overestimated result is produced in Figure 2e , where the equation is not able to cover all areas of data; whereas in Figure 2f , it has been seen covering almost all areas except the data on water content values smaller than 0.2, but this equation has not been able to adjust to the data that have a value of porosity. The only equation that gives the better approach is Figure 2d . This equation produces a pattern in accordance with the existing data. The equation is also seen fit to data that has a value of porosity.
In this study the relative permittivity was analyzed by the ECVT system generated in the form of normalization. Normalized volumetric water content can be defined as where θ is the volumetric water content, θ r is the residual volumetric water content, and θ s is the saturated volumetric water content.
The normalization of relative permittivity gives privilege to define normalized volumetric water content, in this study it is assumed in three models:
where ε N is normalized permittivity which can be calculated as
where ε, ε air , and ε water are actual relative permittivity measurement, relative permittivity of air, and relative permittivity of water, respectively ( Table 2) . 
Experimental setup
ECVT system consists of three parts: (i) sensors, (ii) data acquisition, and (iii) system reconstruction and visualization as shown in Figure 3 . In this experiment we used 32 channel hexagonal sensors for the first experiment and 24 channel hexagonal sensors for the second experiment, as a soil column with diameter and height 11.5 and 27 cm, respectively. This column is divided into 32 layers with the 1st layer as the top layer and 32nd layer as the bottom layer.
In the first experiment, 3 l by volume of soil in the column was supplied. The soil material that was used in this study was sand collected from the Cisadane River in Tangerang, Indonesia. The soil contained 17% fine sand and 83% medium sand with porosity of soil 41.79%. The specific gravity and soil density were 2.663 and 1.55 g cm À3 , respectively. In this experiment, the soil in the vessel was supplied with water flow with a discharge of 7.2 ml/s until ponded condition, and the discharge was stopped when the pond of water level was at 2 cm above the surface soil. During ponded condition, the data capacitances were measured iteratively and sent to the computer. The data acquisition frequency was set to one frame per second.
In the second experiment, 3 kg of silty sand was supplied into the column. After that, 1.4 liter of water was filled into the soil column using constant head method, in which height of the water is maintained constant by a distance of 4 cm from the surface of soil.
Result and discussion
Normalized volumetric water content and relative permittivity relationship of several equations is shown in Figure 4 . The first model of the proposed model seems to have a similar pattern with Topp et al. [20] and Malicki et al. [32] models. By adding some constants value to the first model, this model will be quite fit with Topp and Malicki models. However, the second model looks similar to Roth et al. [21] model, which gives a linear relationship between normalized volumetric water content and relative permittivity. In contrast, the third model is out of fit with other models. Modification to the first model (Eq. (23a)) to fit with previous models can be done by adding the constants by trial and error. The modification is shown below:
ðÞ 0:65 (25) Figure 5 shows the first model with modification (Eq. (25)) quite fit with the Topp and Malicki models.
Based on this result, Eq. (25) was used to analyze the normalized volumetric water content during water infiltration in soil. The results of water infiltration in soil can be seen in Figure 6 . Figure 6a shows the images of normalized volumetric water content from red (i.e., dry condition, ε N = 0) to blue (i.e., saturated condition, ε N = 1) colors. The scale of the color means normalization value of relative permittivity distribution in image. Figure 6a shows the image sequencing of water infiltration methods from 1, 50, 100, 250, 400, 600, 700, and 1000 s, respectively. In this figure, the position and movement of water per second can be seen clearly. Figure 6b shows normalized volumetric water content of soil for 32 layers during water infiltration in the soil. Blue, green, red, cyan, and yellow lines indicated 1, 9, 17, 25 , and 32 soil layers, respectively. In the first layer, the normalized volumetric water content increases very fast and reaches a saturated condition at around 100-300 s. The degree of saturation for 1st layer starts to decrease after supplying of water was stopped at 300 s and relative constant was at around 0.3 from 700 to 1000 s. For 9th and 17th layers, the degree of saturation increases sequencing and reaches a saturated condition at a similar time (i.e., at around 450 s) and starts to decrease at 500 s, while for the 25th layer, the degree of saturation increases at around 300 s and reaches a stable condition at 700 s with a degree of saturation at around 0.85. Moreover at the 32nd layer, the degree of saturation increases at 630 s, and the degree of saturation reaches 0.2 at the end of the experiment (i.e., 1000 s). This experiment showed clearly the availability of air trapped at the bottom of soil in the vessel (see Figure 6a ). Figure 7 also shows the image sequencing of water infiltration (Figure 7a ) and normalized volumetric water content of each layer of the soil column (Figure 7b) . In Figure 7a , it can be seen that the silty sand has a normalized relative permittivity value around 0.3 before water infiltrate to the soil column. It can be caused by two possibilities, (i) because of the moisture content stored in the soil and (ii) because the soil particles are very small and compact, so the porosity of soil is also small which causes no air cavity in the soil. From Figure 7b we can see how the water infiltrates into the each layer clearly. The first layer has increased drastically around the first 30 s. It is easily understood that the top layers will reach the maximum value of normalized volumetric water content first, because these layers get the first supply of water.
Conclusion
Some equations between the relative permittivity and volumetric water content have been described in this study. From this study, there is an equation that has demonstrated efficacy in conformity with the data of experimental results, that is, equation proposed by [32] . This equation uses the porosity factor as a parameter in the relationship between volumetric water content and relative permittivity.
Normalized volumetric water content of soil has been analyzed in this study using ECVT system. Normalized volumetric water content can be shown and analyzed layer per layer of soil column for every second. We found that the ECVT system has advantages in measuring soil water content which are nondestructive and noninvasive to the sample object, 3D image, and real-time monitoring for water infiltration.
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